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Abstract Tandem organic light-emitting devices (OLEDs) have attracted consid-

erable attention for solid-state lighting and flat panel displays because their tandem

architecture enables high efficiency and long operational lifetime simultaneously. In

the tandem OLED structure, plural light-emitting units (LEUs) are stacked in series

through a charge generation layer (CGL) and an electron injection layer (EIL). In

this chapter, we focus on the key features of tandem OLEDs for high efficiency and

long operational lifetimes. We also demonstrate the effect of the CGL comprising a

Lewis acid, an n-type semiconductor metal oxide, and an organic electron-accepting

material. We discuss the two types of EILs in tandem OLEDs: alkali metals con-

taining n-type compounds and ultra-thin metals. Finally, we focus on the recent

progress of the state-of-the-art solution-processed tandem OLEDs.

Keywords Tandem � Charge generation layer � p-n junction

1 Introduction

Organic light-emitting devices (OLEDs) have attracted considerable interest for

use in flat panel lighting and thin film displays [1–7]. The operational lifetime of

OLEDs decreases with increasing current density or luminance because the large
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number of holes and electrons passing through the organic layer causes

electrochemical side-reactions of organic compounds [8]. A particular approach

to solve this issue is the use of tandem OLEDs, which have been fabricated to

attain long operational lifetimes under high luminance [9–15]. In a tandem

OLED structure, plural light-emitting units (LEUs) are stacked in series through

interconnecting layers such as a transparent conductive layer (TCL) [9] or a

charge generation layer (CGL) [11]. In addition, electron injection layers (EILs)

are also important to reduce the electron injection barrier from the TCL or CGL

into the first LEU [16–20]. Under an identical current density, compared with a

single LEU device, tandem OLEDs with two LEUs can exhibit a two-fold

increase in luminance. Therefore, the efficiency and operational lifetime of

tandem OLEDs can also be improved in comparison with those of conventional

single unit OLEDs. In Sect. 2, we will review the key features of tandem

OLEDs for high efficiency and long operational lifetimes. In Sect. 3, we will

demonstrate the effect of interconnecting layers such as TCLs and CGLs. In

Sect. 4, we will focus on two types of EILs: alkali metals containing n-type

compounds and ultra-thin metals. Finally, in Sect. 5, we will demonstrate recent

progress in the tandem OLEDs with solution processing fabrication of LEUs,

EILs, TCLs, and CGLs.

2 Tandem OLEDs

In conventional OLEDs, the luminance increases with the current density. However,

the operational lifetime decreases with increasing current density because the charge

passing through the organic layer causes degradation of the organic material. Thus,

it is quite difficult to simultaneously obtain high luminance and long operational

lifetimes when using a high current density. To overcome this critical issue, Kido

et al. reported tandem OLEDs comprising multiple LEUs vertically stacked with an

EIL and an interconnecting layer in 2003 [9]. Since then, various types of tandem

OLEDs have been reported [10–15]. The conventional structure of a tandem OLEDs

is shown in Fig. 1. In a tandem structure, multiple emissions can be obtained from

each stacked LEU. As compared to conventional OLEDs with a single LEU at an

identical current density, when two LEUs are serially stacked in tandem OLEDs, the

luminance and driving voltage increases two-fold. Therefore, the current efficiency

(cd/A) and external quantum efficiency of the tandem OLEDs can be increased two-

fold when compared with the efficiency of a single LEU device. However, identical

power efficiency (lm/W) is observed for both tandem OLEDs and singe LEU

devices. As a result, due to decreased current density in each LEU, at the same

luminance, the operational lifetime of tandem OLEDs can be longer than that of a

single LEU [12, 15]. In other words, tandem OLEDs can avoid the critical trade-off

between luminance and operational lifetime. Adjustment of optical interference in

the device is also very important in order to achieve tandem efficiencies [13, 14]. In

particular, due to phase matching, optical distances from the emissive zone in

individual LEUs to reflecting metal electrodes such as Al must be set within a
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specific range of k/4n multiplied by an odd number, where k is the emission

wavelength and n is the refractive index.

Tandem OLEDs offer the following advantages: (1) Easy control of the color

temperature and color-rendering index for white light-emitting devices because

blue, green and red emission can be separately obtained from each LEU; (2) The

greater thickness ([300 nm) of tandem OLEDs results in fewer short-circuit

defects; (3) A low current density can avoid roll-off of the efficiency, which is

especially important for devices with phosphorescent emitters.

3 Interconnecting Layers in Tandem OLEDs

3.1 Transparent Conductive Layer

The use of a transparent, conductive indium tin oxide (ITO) electrode as an

interconnecting layer is one approach to stacking LEUs in series. An interconnect-

ing ITO layer can be deposited using a facing-target type sputtering method [9].

Ultra-thin metals such as aluminum (Al), silver (Ag) and gold (Au) have also been

utilized as interconnecting layers [21–24]. Electrons are injected from a conductive

ITO or an ultra-thin metal electrode into the lowest unoccupied molecular orbital

(LUMO) level of the compounds in the 1st LEU. Holes are supplied from ITO or an

ultra-thin metal into the highest occupied molecular orbital (HOMO) level of the
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Fig. 1 Device structure of a a conventional OLED and b a tandem OLED
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compounds in the 2nd LEU. Tandem OLEDs composing two fluorescent-based

LEUs and an interconnecting ITO layer have been demonstrated, and they exhibit a

current efficiency of 34 cd/A and an external quantum efficiency of 10 %. A

doubled efficiency was observed when compared with a conventional single LEU

device (current efficiency of 17 cd/A and external quantum efficiency of 5 %).

However, the ITO layer deposited using a sputtering method often results in serious

damage to the organic layer. If the conductivity of ITO or an ultra-thin metal is too

high, crosstalk can occur between each emitting pixel in display applications. In

addition, a metal-based interconnecting layer may decrease transmittance in the

visible region [22, 23].

3.2 Charge Generation Layer Comprising an Electron-Accepting
and an Electron-Donating Material

Instead of ITO and ultra-thin metals, a charge generation layer (CGL)

comprising an electron-accepting and an electron-donating layer can be

employed as an interconnecting layer. The lateral conductivity of the CGL is

sufficiently low and is almost insulating. In general, the electron-accepting

components of CGLs can be categorized into three types: (1) Lewis acids such

as iron chloride (FeCl3) [10] and tetrafluorotetracyanoquinodimethane (F4TCNQ)

[9, 12, 20, 25–27]; (2) n-type semiconductor metal oxides such as vanadium

oxide (V2O5) [9, 28, 29], molybdenum oxide (MoO3) [11, 12, 30–36], tungsten

oxide (WO3) [12, 18, 37], and rhenium oxide (ReO3) [38]; and (3) electron-

accepting organic compounds such as hexaazatriphenylene hexacarbonitrile

(HATCN6) [12–15, 25, 39–44]. Conversely, hole-transporting arylamine com-

pounds such as N,N0-di(naphthalene-1-yl)-N,N0-diphenylbenzidine (NPD), N,N0-
bis(3-methylphenyl)-N,N0-diphenylbenzidine (TPD), and 4,40-cyclohexyli-
denebis(N,N-bis(4-methylphenyl)benzenamine) (TAPC), 4,40,400-tris(N-car-
bazolyl)-triphenyl amine (TCTA) can be used as an electron-donating layer as

shown in Fig. 2. The mechanism of charge generation in the bilayers of the

Fig. 2 Chemical structure of electron-accepting and electron-donating materials used in CGLs
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electron-accepting and electron-donating layers has previously been investigated

in detail. Interface energetic dynamics can be determined using ultraviolet

photoelectron spectroscopy (UPS) and inverse photoemission spectroscopy

(IPES). MoO3 shows a deep conduction band of 6.7 eV and a high work

function of 6.9 eV [45]. This result indicates that MoO3 acts as an n-type

semiconductor material. Another metal oxide WO3 can also play a role as an n-

type semiconductor because of its high work function (6.7 eV). UPS and IPES

measurements of CGL comprising WO3 and hole-transporting TCTA exhibit a

large interfacial dipole of 1.5 eV and quite a small energy difference of 0.8 eV

between the conduction band of WO3 and the HOMO level of TCTA [46]. Thus,

charge generation (or electron-pulling) occurs at the interface between the

electron-accepting layer (WO3) and electron-donating layer (TCTA).

Lewis acids such as FeCl3 and F4TCNQ have a strong electron-accepting

property and form a charge-transfer (CT) complex with electron-donating arylamine

compounds such as NPD or TPD [9]. Absorption in the near-infrared region from

800 to 2000 nm has been observed, indicating the formation of a CT complex and

charge generation. However, these Lewis acids are not stable and cause increased

driving voltage during long-term operation. In addition, it is difficult to handle them

using vacuum evaporation in device fabrication due to contamination, corrosivity,

and optical absorption.

Conversely, n-type semiconductors such as V2O5, MoO3, WO3, and ReO3 are

more convenient for use as an electron acceptor due to a high transmittance of

85–90 % in the visible region, less corrosivity, and greater electrochemical stability

than Lewis acids [11]. The conduction band of a metal oxide is less than 7 eV,

easily accepting electrons from the HOMO level of hole-transporting arylamines:

TPD (5.4 eV) [28], NPD (5.5 eV) [11], and TAPC (5.6 eV) [35]. These metal

oxides can act as an electron acceptor in a metal oxide-doped organic layer.

However, regarding the evaporation temperatures of metal oxides, with the

exception of ReO3 (340 �C), the rest are relatively high (over 600 �C), resulting in

complicated problems in a mass production line [38].

An organic acceptor compound, HATCN6, has been employed as a substitute for

a Lewis acid or a metal oxide in the CGL of tandem OLEDs. HATCN6 can be

evaporated in vacuum at a relatively low temperature below 300 �C, sufficiently
lower than those of metal oxides. This is an advantage for device fabrication.

HATCN6 has no absorption in the visible region due to a large energy gap [39]. The

LUMO level of HATCN6 is close to the HOMO level of electron-donating

arylamine compounds [47]. Thus, HATCN6 can accept one electron from the

HOMO level of an adjacent donor compound such as NPD or TAPC [12, 13].

Although HATCN6 is an organic compound, it exhibits electrochemical stability as

high as that of metal oxides. Tandem OLEDs with HATCN6 used as the CGL have

been reported to show excellent operational lifetimes and can suppress increasing

driving voltages [12, 28, 39, 42]. The device performance of tandem OLEDs with

various CGLs are summarized in Table 1.
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The n- and p-type organic heterojunction of a copper hexadecafluorophthalo-

cyanine (F16CuPc) and a copper phthalocyanine (CuPc) bilayer have been reported

as another strategy for the CGL [48]. F16CuPc and CuPc have been used as

electron-accepting (n-type) and electron-donating (p-type) compounds. The charge

generation mechanism can be explained as follows: an interfacial dipole is formed

at the interface between F16CuPc and CuPc, which causes energy level alignment;

therefore, an electron is injected from CuPc into F16CuPc. Similarly, F16CuPc and

CuPc can be replaced with fullerene (C60) and pentacene, respectively, which has

also been reported as a CGL in tandem OLEDs [49–51].

Table 1 Device performances of the tandem OLEDs using several types of CGLs

CGL Process Material type Emitter References

ITO Evaporation Metal oxide electrode Green fluorescent [9]

V2O5/NPD Evaporation Metal oxide Green fluorescent

White fluorescent

[9]

[29]

MoO3/NPD Evaporation Metal oxide Green fluorescent [12, 30]

White fluorescent [32, 33]

White phosphorescent [11, 31]

MoO3/TCTA Evaporation Metal oxide Green phosphorescent [34]

WO3/NPD Evaporation Metal oxide Green fluorescent [12]

White fluorescent [37]

WO3/TCTA Evaporation Metal oxide Green phosphorescent [18]

ReO3/NPD:ReO3 Evaporation Metal oxide Green phosphorescent [38]

NPD:F4-TCNQ Evaporation Lewis acid Green fluorescent [9, 12]

Green phosphorescent [25]

NPD:FeCl3 Evaporation Lewis acid Green phosphorescent [10]

mMTDATA:F4-TCNQ Evaporation Lewis acid Green fluorescent [16]

TPD:F4-TCNQ Evaporation Lewis acid Green fluorescent [26]

HATCN6/NPD Evaporation Organic acceptor Green fluorescent [12]

Green phosphorescent [13, 25]

Blue phosphorescent [15]

HATCN6/TAPC Evaporation Organic acceptor White phosphorescent [14]

Ag or Au Evaporation Metal electrode Green fluorescent [21]

Al/WO3/Au Evaporation Metal electrode Green fluorescent [22, 23]

F16CuPc/CuPc Evaporation p-n heterojunction Blue fluorescent [48]

C60/Pentacene Evaporation p-n heterojunction Green fluorescent [49]

C60/CuPc Evaporation p-n heterojunction Red phosphorescent [50]

MoO3/Poly-TPD Hybrid Metal oxide Yellow fluorescent [77]

WO3/PEDOT:PSS Solution Metal oxide Yellow fluorescent [86]

PMA/TFB Solution Heteropoly acid Yellow fluorescent [89]

PEDOT:PSS Solution Conductive polymer White phosphorescent [92]
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4 Electron Injection Layer (EIL) in Tandem OLEDs

4.1 Alkali Metal Containing n-Type Dopant

In general, conventional electron-accepting compounds such as metal oxides or

HATCN6 have a fairly deep conduction band of 6.5–6.7 eV [45, 46] or LUMO level

of 6.0 eV [47], respectively. A generated electron in the CGL is difficult to be

injected into the LUMO level of the compound in the first LEU. Thus, electron

injection from the CGL into the first LEU is a critical factor for reducing the driving

voltage and improving the efficiency of tandem OLEDs. For effective electron

injection from the CGL into the first LEU, the approach where a low work–function

alkali metal, such as lithium (Li) [10–12], cesium (Cs) [9], calcium (Ca) [52],

magnesium (Mg) [17], is doped into an electron-transporting material, such as 4,7-

diphenyl-1,10-phenanthroline (BCP), 4,7-diphenyl-1,10-phenanthroline (Bphen), or

tris(8-hydroxyquinolinato)aluminium (Alq3), has been widely used as an n-doped

EIL (Fig. 3). Moreover, the energy level at the interface between the EIL and CGL

can be determined using UPS and IPES. During the gradual evaporation of an alkali

metal-doped electron-transporting layer onto the CGL, the work–function dramat-

ically decreases because of the formation of the space charge effect, which results in

the energy level alignment at interfaces between the EIL and CGL as shown in

Fig. 4. These alkali metals exhibit high reactivity to atmospheric oxygen and

moisture and are easily diffused into the organic layer, which results in device

degradation. Alkali metal carbonates such as cesium carbonate (Cs2CO3) [18, 30] or

rubidium carbonate (Rb2CO3) [14, 38] are less sensitive to air and can, thus, be

commonly used as more stable n-type dopants. However, alkali metals and their

carbonates require a high evaporation temperature compared with conventional

organic compounds. Another type of cesium compound, cesium azide (CsN3) [19,

34] has been introduced as an efficient n-type dopant in the EIL of tandem OLEDs,

with air stability and a low evaporation temperature of 310 �C. In similar concepts

for a stable n-type dopant with a low deposition temperature, lithium amide (LiNH2)

Fig. 3 Chemical structure of electron-transport compounds and alkali metal-containing dopants
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[42] and lithium hydride (LiH) [44] are also effective in tandem OLEDs, along with

other alkali metals, alkali metal carbonates, and azide compounds. The device

performance of various EIL in tandem OLEDs are summarized in Table 2.

4.2 Ultra-Thin Bilayer of Metal and Alkali Metal Halide

In conventional OLEDs, alkali metal halides such as lithium fluoride (LiF) have

been commonly used in the EIL to dramatically reduce the electron injection barrier

from the Al cathode into organic layers [53, 54]. An ultra-thin (less than 2 nm)

bilayer of LiF and Al can be utilized as an effective EIL adjacent to the CGL in

tandem OLEDs [13, 24, 55]. In rubrene-based yellow fluorescent tandem OLEDs

with the EIL comprising an ultra-thin bilayer of LiF and Al, when compared with a

single LEU device, a doubled current efficiency and a long operational lifetime was

exhibited [13]. This ultra-thin bilayer can be used in the application of various types

of electron-transporting materials. When a high triplet energy level and a wide gap

electron-transporting material bis-4,6-(3,5-di-4-pyridylphenyl)-2-methylpyrimidine

(B4PYMPM) was used as the ETL in green phosphorescent tandem OLEDs, an

extremely high current efficiency of 250 cd/A was achieved as shown in Fig. 5.

Lithium phenolate complexes such as 8-quinolinolato lithium (Liq) are also well-

known electron injection materials [56, 57]. These complexes can be evaporated

using a relatively low temperature and are much less sensitive to the thickness when

compared with insulating LiF. Electron injection from the CGL into the LEU

assisted by an ultra-thin bilayer has been studied in detail [20]. The evaporated Al

reacts with LiF or Liq, leading to n-type doping at the surface of the ETLs. A high

external quantum efficiency of over 40 % was obtained using an ultra-thin bilayer of

Liq and Al as the EIL in blue phosphorescent tandem OLEDs [35]. Due to the case

of handling and its high stability, this ultra-thin bilayer is a good candidate for

replacing highly reactive alkali metals or alkali metal carbonates as n-type dopants.

Fig. 4 Energy level alignment in the CGL and EIL. Reproduced with permission from [46]. Copyright
2010, AIP Publishing LLC
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5 Solution-Processed Tandem OLEDs

5.1 Solution- and Evaporation-Processed Hybrid Tandem OLEDs

The vacuum evaporation method is predominantly used in the fabrication process of

tandem OLEDs because multilayer structures with more than eight layers between

the anode and cathode are required. The vacuum evaporation process can easily

form multilayer structures for devices. However, solution-processing techniques for

OLED fabrication, such as spin-coating, die-coating, and inkjet printing, have

attracted great attention due to the low fabrication cost and potential for large coated

Table 2 Device performances of the tandem OLEDs using several types of EILs

EIL Process Material type Emitter References

BCP:Cs Evaporation Metal oxide Green fluorescent [9]

Alq3:Mg Evaporation Alkali metal Green fluorescent [16, 26]

White fluorescent [37]

Alq3:Li Evaporation Alkali metal Green phosphorescent [10]

Green fluorescent [12]

Blue phosphorescent [15]

BCP:Li Evaporation Alkali metal White fluorescent [29]

Bphen:Mg Evaporation Alkali metal Green fluorescent [17]

Bphen:Li Evaporation Alkali metal White phosphorescent [11, 31]

Green phosphorescent [25]

Alq3:Ca Evaporation Alkali metal Green fluorescent [52]

Alq3:Cs2CO3 Evaporation Metal carbonate Green fluorescent [30]

Bphen:Cs2CO3 Evaporation Metal carbonate White fluorescent [32]

Green phosphorescent [18]

BCP:Cs2CO3 Evaporation Metal carbonate White fluorescent [33]

Bphen:Rb2CO3 Evaporation Metal carbonate Green phosphorescent [38]

B3PyMPM:Rb2CO3 Evaporation Metal carbonate White phosphorescent [14]

LiF/Al Evaporation Alkali halide, metal Green fluorescent [21, 23]

Green phosphorescent [13]

Liq/Al Evaporation Alkali halide, metal Green phosphorescent [20]

Blue phosphorescent [35]

Bphen:CsN3 Evaporation Metal azide Green fluorescent [19]

Green phosphorescent [34]

Alq3:LiH Evaporation Alkali metal hydride Green fluorescent [42]

Bphen:LiNH2 Evaporation Alkali metal amide Green fluorescent [44]

ZnO/Al Hybrid Metal oxide, metal Yellow fluorescent [77]

ZnO/PEI Solution Modified metal oxide Yellow fluorescent [86]

ZnO/PEIE Solution Modified metal oxide Yellow fluorescent [89]

White phosphorescent [92]
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areas [58–60]. It is not easy to fabricate a multilayer structure using a solution-

processing technique because coating solvents can dissolve the bottom organic layer

[61–66]. Although the use of an orthogonal solvent technique is an important factor

in achieving multilayer structures, metals or alkali metal halides are difficult to

apply in solution-processing techniques due to their poor solubility in common

organic solvents. However, solution-processed electron injection materials are

absolutely imperative in the development of solution-processed tandem OLEDs.

The alkali metal carbonate Cs2CO3 has been widely used as a solution-processed

electron injection compound [67–69]. Recently, an n-type metal oxide of zinc oxide

(ZnO) nanoparticles has been applied to solution-processing at a low temperature

[70–72]. A mixture of ZnO and Cs2CO3 has been also employed to improve the

electron injection property [72–76].

There are a few reports on the solution and evaporation hybrid fabrication

processing technique for tandem OLEDs with a two-fold stacked LEU comprised of

hole injection, light-emitting, and electron injection layers [77–79]. The addition of

poly(4-vinyl pyridine)—PVPy—as a polymer binder into the ZnO:Cs2CO3 layer

improved the film morphology without compromising the device properties, and

ZnO:Cs2CO3:PVPy was used as a solution-processed EIL in hybrid tandem OLEDs.

Electron-accepting MoO3 and ultra-thin Al were deposited using vacuum evapo-

ration. The evaporated MoO3 layer is insoluble in common organic solvents such as

toluene and dichlorobenzene. Subsequently, a hole-transporting arylamine polymer

[poly(4-butylphenyl-diphenyl-amine); poly-TPD], was spin-coated onto MoO3 from

a dichlorobenzene solution. The current efficiency of the hybrid tandem OLEDs was

10 cd/A, which was the sum of the efficiency of each LEU (Fig. 6). These results

indicate that the bilayer of MoO3 and poly-TPD operated effectively as a CGL.

a b

Fig. 5 a Device structures of a single-OLED, a two-stacked tandem OLED and a three-stacked tandem
OLED. b The current efficiency–luminance characteristics of the devices. Reproduced with permission
from [13]. Copyright 2011, Elsevier
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5.2 Solution-Processed Tandem OLEDs with a Fluorescent Polymer

The fabrication of completely solution-processed tandem OLEDs is largely

dependent on the availability of alternative solution-processable materials to

replace MoO3 and ultra-thin metals. In particular, the interconnecting layer

comprising CGL and EIL materials has to not only be formed from solution without

dissolving the bottom layer but also be insoluble to coating solvents for subsequent

upper layers. In addition, a low annealing temperature is required for the processing

of the interconnecting layer to suppress thermal influence on the bottom LEUs.

Aliphatic amine-based polymers such as polyethyleneimine (PEI) and polyethyle-

neimine-ethoxylated (PEIE), or a bilayer of ZnO and PEI (or PEIE) have been used

as solution-processable EILs in OLEDs because these amine polymers reduce the

work function of ZnO and electrodes such as ITO due to the interfacial dipole effect

[80–83]. In contrast, various metal oxides such as WO3 and NiOx have been studied

as solution-processed HILs [84, 85].

Recently, solution-processed fluorescent polymer tandem OLEDs were success-

fully fabricated with an inverted or regular structure comprising ZnO modified with

PEI and WO3 [86, 87]. Moreover, the solution-processed tandem OLEDs with a

regular structure using PEIE and ZnO nanoparticles as an EIL and phosphomolyb-

dicacid hydrate (MoO3)12�H3PO4�(H2O)x (PMA) [88] as the electron-accepting

material of the CGL have been fabricated [89]. A bilayer of ZnO and PEIE was

coated onto the fluorescent light-emitting polymer [poly(9,9-dioctylfluorene-alt-

benzothiadiazole); F8BT] from 2-ethoxyethanol dispersion and solution, respec-

tively. It is required that these EILs not be soluble in the solvent used for coating

subsequent upper layers, i.e., the p-type electron-accepting layer and hole-

transporting layer in the CGL. Therefore, the coating solvent of the PMA, which

is a p-type electron-accepting layer, cannot be a polar solvent such as water or

alcohol because they easily dissolve the PEIE underlayer. PMA is soluble in

acetonitrile, whereas PEIE, ZnO, and F8BT are not soluble in acetonitrile.

a b

Fig. 6 a Device structure of the 1st LEU OLED, 2nd LEU OLED, and solution-evaporation hybrid
tandem OLED. b Current efficiency–current density characteristics of the devices. Reproduced with
permission from [77]. Copyright 2012, The Royal Society of Chemistry

Top Curr Chem (Z) (2016) 374:33 Page 11 of 17 33

123



Furthermore, poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)-diphenylamine)—

TFB—was chosen as the HTL of the 2nd LEU. In the coating of TFB, p-xylene

is chosen because it does not dissolve PMA, PEIE, or ZnO. An appropriate choice of

solvents during the coating of each layer ensures that the nine-layer stacked

structure can be produced using solution-based processes (Fig. 7a). The driving

voltage and current efficiency of the solution-processed tandem OLEDs were the

sums of the values of each individual LEU (Fig. 7b, c). These results indicate that a

CGL comprising PMA and TFB fabricated using a solution-based process

successfully generates electrons and holes under an applied voltage. These

generated electrons are efficiently injected into the 1st LEU through the ZnO/

PEIE bilayer and the holes are injected into the 2nd LEU. In addition, even with

two-fold higher luminance, the operational lifetime of tandem OLEDs exhibited a

similar degradation tendency to that of an individual single LEU device (Fig. 7d).

5.3 Solution-Processed Phosphorescent Tandem OLEDs

Section 5.2 described solution-processed tandem OLEDs. The LEUs were limited to

fluorescent p-conjugated polymers such as ‘‘Super Yellow’’ [86] or F8BT [89]

because their much lower solubility in organic solvents compared with that of small-

molecule materials was an advantage in the stacking process. To further enhance the

device efficiency, the use of phosphorescent emitting materials is necessary due to

their high internal quantum efficiency. Recently, a much higher efficiency than that

of polymer materials was reported for solution-processed phosphorescent OLEDs

with small-molecule materials [90, 91]. These high efficiencies were comparable to

the conventional vacuum-evaporated phosphorescent OLEDs. The application of

small-molecule and phosphorescent emitting materials in solution-processed

devices will become an even more important challenge.

In the final section, we will describe solution-processed tandem OLEDs

comprising two phosphorescence-based LEUs with phosphorescent small-molecule

emitting dopants, small-molecule host materials, and a polymer material as a binder

to improve the insolubility of the LEU films [92]. A bilayer of ZnO and PEIE serves

as an efficient EIL in each LEU, and poly(3,4-ethylenedioxythiophene):poly(styre-

nesulfonate) (PEDOT:PSS) has been used as an interconnecting transparent

conductive layer (Fig. 8a). The reaction between ZnO and PSS due to the acidity

of PSS does not allow ZnO to be uniformly spin coated onto a pristine PEDOT:PSS

layer. Therefore, a neutralized PEDOT:PSS layer has to be inserted between the

pristine PEDOT:PSS layer and ZnO nanoparticles to prevent direct contact between

them. The multilayer structure PEDOT:PSS/neutralized PEODT:PSS/ZnO/PEIE

structure is not soluble in common organic solvents such as toluene, p-xylene, and

tetrahydrofuran. In a phosphorescent LEU, poly(9-vinylcarbazole) (PVK), 4,40,400-
tris(carbazol-9-yl)-triphenylamine (TCTA), and 2,6-bis(3-(9-carbazol-9-yl)phenyl)-

pyridine (26DCzppy) are used in the host materials. Phosphorescent dopants such as

tris(2-(4,6- difluorophenyl)pyridine)iridium(III) (Ir(Fppy)3), tris(2-

phenylpyridine)iridium(III) (Ir(ppy)3), and tris(2-phenyl-1-quinoline)pyridine)irid-

ium(III) (Ir(phq)3) are used as the blue, green, and red emitter of LEUs as shown in

Fig. 8b. Mixed small-molecule host materials of TCTA and 26DCzppy for the green
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phosphorescent dopant are known to be as an effective approach to obtain high

device efficiency. TCTA has a role in hole injection and transport. 26DCzppy is a

bipolar transport host material with a high triplet energy level for phosphorescent

devices, improving the balance of holes and electrons. The large difference in the

surface energies makes it challenging to uniformly coat PEDOT:PSS from its

aqueous dispersion onto a hydrophobic organic layer. The addition of methanol and

2-propanol into the aqueous PEDOT:PSS dispersion allows PEDOT:PSS to be

coated uniformly over the EML. However, the use of an aqueous solution over the

EML comprising only the small molecules TCTA, 26DCzppy, and Ir(ppy)3 over the

EML results in the penetration of aqueous solvent through the EML and,

consequently, in the dissolution of the PEIE and ZnO layers. Thus, to prevent the

dissolution of PEIE and ZnO in the aqueous solvent, PVK is added into the EML to

serve as a binder host, resulting in the formation of a uniform multilayered structure

of ZnO/PEIE/EML/PEDOT:PSS. A careful choice of the coating solvents and

a

b c d

Fig. 7 a Device structure of the 1st LEU OLED, 2nd LEU OLED, and fully solution-processed
fluorescent light-emitting polymer-based tandem OLED. b Current efficiency–current density
characteristics of the devices. c Operational lifetime of the devices at the same current density
(7.5 mA/cm2). Initial luminances were 800 cd/m2 for the 1st LEU, 300 cd/m2 for the 2nd LEU and
1200 cd/m2 for the tandem OLED. Reproduced with permission from [89]. Copyright 2014, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim
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materials ensured orthogonal solubilities for materials used in adjacent layers; any

loss of material during rinsing is indicated by a reduction in the absorbance. A white

phosphorescent tandem OLED was fabricated by stacking blue and green/red LEUs.

The white emission was quite stable with the current density, and the efficiencies

reached up to 69 cd/A and 28 % EQE at 5000 cd/m2 (Fig. 8c). The successful

fabrication of tandem OLEDs with an inverted structure using solution-based

processes will pave the way towards printable, low-cost, and large-area white light

sources.

a

b

Fig. 8 a Device structures of 1st LEU, 2nd LEU, and inverted white phosphorescent tandem OLEDs.
b Chemical structures of the materials. c External quantum efficiency–current density characteristics of
the devices. Reproduced with permission from [92]. Copyright 2015, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim
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6 Conclusion

We focused our attention on the tandem structure of OLEDs including the

interconnecting layer (TCLs or CGLs) and EILs. In conventional OLEDs, the

operational lifetime decreases with increasing luminance due to the degradation of

the organic materials caused by charge under a high current density. However, the

tandem structure of OLEDs comprising individual LEUs, EILs, and an intercon-

necting layer can avoid the tradeoff between a long operational lifetime and high

luminance (or current density). For two-LEU stacked tandem OLEDs, the

luminance and driving voltage increased two-fold compared to those of single

LEU OLEDs under an identical current density condition. Therefore, the

efficiencies of tandem OLEDs exhibits a two-fold increase compared with single

LEU OLEDs. In addition, at the same luminance, the operational lifetime of tandem

OLEDs is also longer than that of single LEU OLEDs. This is due to the reduced

current density in each individual LEU.

Several types of interconnecting layers for tandem OLEDs have been reported:

(1) transparent conductive electrode type using ITO or ultra-thin metals, (2)

electron-accepting and electron-donating bilayers as the CGL, and (3) n- and p-type

organic heterojunction CGL type. In particular, various electron-accepting materials

such as Lewis acid (FeCl3, F4TCNQ), n-type metal oxides (MoO3, WO3), and n-

type organic HATCN6 have been demonstrated. These electron-accepting materials

can effectively accept an electron from the HOMO level of electron-donating

materials. Three types of EILs in tandem OLEDs have also been reported using

alkali metals containing n-dopants (Cs, Cs2CO3, and CsN3), a bilayer of alkali metal

halides (LiF, Liq)/metals (Al), and organic-based n-type dopants. These EILs can

reduce the electron injection barrier between LEU and CGL due to the resulting

energy level alignment.

Finally, recent progress in solution-processed tandem OLEDs and solution-

processed EILs and CGLs was also discussed. An appropriate choice of coating

solvents for each layer ensures a multilayered structure produced using solution-

based processes. Fluorescent light-emitting polymer-based tandem OLEDs com-

prising ZnO/PEIE as an EIL and PMA as an electron acceptor of the CGL exhibit a

doubled efficiency and a longer operational lifetime when compared with single

LEU OLEDs. Phosphorescent-based solution-processed tandem OLEDs can achieve

a high efficiency (28 % EQE), even with a high luminance.
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